Contraction of the heart results from interaction of the myosin and actin filaments. Cardiac myosin filaments consist of the molecular motor myosin II, the sarcomeric template protein, titin, and the cardiac modulatory protein, myosin binding protein C (MyBP-C). Inherited hypertrophic cardiomyopathy (HCM) is a disease caused mainly by mutations in these proteins. The structure of cardiac myosin filaments and the alterations caused by HCM mutations are unknown. We have used electron microscopy and image analysis to determine the three-dimensional structure of myosin filaments from wild-type mouse cardiac muscle and from a electron microscopy ͉ MyBP-C ͉ thick filament ͉ three-dimensional reconstruction
C
ontraction of the heart depends on interactions between the thick (myosin-containing) and thin (actin-containing) filaments that fill cardiac muscle cells. The thick filaments are polymers of myosin II together with associated proteins, including titin and myosin binding protein C (MyBP-C) (1) . Mutations in myosin and MyBP-C are the most common cause of inherited hypertrophic cardiomyopathy (HCM), a relatively common and often fatal disease characterized by left ventricular hypertrophy, myocyte disarray, and interstitial fibrosis (2, 3) . The molecular mechanisms by which HCM mutations lead to the pathogenesis of this disease are unclear.
Structural knowledge of vertebrate thick filaments in the relaxed state has come from x-ray diffraction and electron microscopy (EM) of striated muscle (4) (5) (6) (7) (8) (9) . Myosin molecules assemble into bipolar filaments, with their ␣-helical coiled-coil tails in the filament backbone and their paired heads on the surface, in three near-helical strands having a repeat of Ϸ43 nm and an axial rise between levels of heads of Ϸ14.3 nm (1, 4, 9) . Antiparallel overlap between myosin tails at the center of the filament creates a ''bare zone,'' free of myosin heads, where filament polarity reverses. Three-dimensional EM studies have revealed the near-helical distribution of the myosin heads in skeletal muscle in the relaxed state. However, conformational details have been limited by the low resolution of the reconstructions, and neither MyBP-C nor titin have been resolved (10) (11) (12) . In addition, three-dimensional reconstructions of cardiac filaments have not been reported.
MyBP-C (13) is located at seven to eight axial sites, 43 nm apart (the same as the myosin repeat), in the middle third of each half of the filament (14) (15) (16) , where it plays a role in modulating cardiac contraction (15) . Cardiac MyBP-C consists of 11 globular Ig-like (Ig) and fibronectin-like (Fn) domains, linearly arranged, but its detailed organization on the filament is unknown. Some observations suggest that the C-terminal of MyBP-C wraps around the filament backbone (15, 17) , whereas others suggest that its C-terminal runs parallel to the filament axis with its N-terminal extending out toward the surrounding thin filaments (15, 18) . Titin is a giant (3 MDa) protein extending from the center of the filament to the Z line (14) . In the thick filament region, it consists of a long string of Ig and Fn modules arranged in repeating patterns that bind to myosin and MyBP-C and appear to correlate with the Ϸ43-nm periodicity of these components (19) . These and other observations suggest that titin is a developmental template for sarcomere assembly (14, 19, 20) , but its organization on the filament (whether it is located in the filament core or on its surface, and whether helically or linearly organized) remains unknown. In addition to our ignorance of the detailed molecular organization of myosin, titin and MyBP-C that underlies normal functioning of the thick filament, there is little information on how mutations in these proteins cause HCM.
Here, we present a three-dimensional reconstruction of a cardiac thick filament, revealing the structure of the myosin heads in the relaxed state and the organization of titin and MyBP-C. Comparison with a reconstruction of filaments from a MyBP-C knockout mouse model for HCM (21) provides additional evidence for the location of MyBP-C and reveals the impact of its loss on thick filament structure. The results provide important insights into normal thick filament function and assembly, and into how alterations in thick filament structure may affect cardiac muscle function.
Results

Three-Dimensional Reconstruction Reveals the Near-Helical Array of
Myosin Heads. Thick filaments isolated from wild-type mouse ventricle appeared intact by negative staining electron microscopy ( Fig. 1 A and B) . Fourier transforms indicated good preservation of the ordered array of myosin heads (Fig. 1C) , with reflections at the expected positions for a perturbed (8, 9, 22, 23) helical structure with a 42.9-nm repeat. Three-dimensional reconstruction of the MyBP-C region of the filament (approximately the middle third of each half) was carried out by single particle methods (10, 24) [see Materials and Methods and supporting information (SI) Methods]. The reconstruction, based on 2564 segments, had a resolution of 3.2-4.0 nm according to the Fourier shell correlation (FSC; SI Methods and SI Fig. 7 ), a factor of two better than previous vertebrate thick filament reconstructions, all from skeletal muscle [6.5 nm (10) , according to the same FSC criterion, and Ϸ7 nm (12) ]. At this resolution, key new structural features become visible. The main surface features are arranged in three ''crowns'' within each 42.9-nm repeat, and each crown has 3-fold rotational symmetry ( Fig. 1 D and E and SI Movie 1). These features must represent myosin heads, the main globular components in the thick filament. The head array exhibits a perturbed helical structure, consistent with previous data from vertebrate striated muscle (9, 10, 12, 23) . Crowns 1 and 3 are close to their correct axial (14.3 nm) and azimuthal helical positions. However, crown 2 is axially closer to crown 3 (13.2 nm) than to crown 1 (15.4 nm), and is at almost the same azimuthal position as crown 1 (instead of being rotated by 40°, as expected for a perfect helix; SI Fig. 8 ). The axial perturbations are similar to those seen in a reconstruction of fish skeletal filaments (10) and in a 2D analysis of rabbit cardiac filaments (23) .
Atomic Fitting Reveals Intramolecular Interaction Between Myosin
Heads. The enhanced resolution of the reconstruction makes possible a relatively precise fitting of myosin head atomic models. The striking visual resemblance, in two dimensions, between the motifs at crowns 1 and 2 and the atomic model of regulated myosin in the enzymatically inactive (''off'') state (24, 25) (SI Fig. 9 ) suggested that this was an appropriate model for 3D fitting. In this model, the heads are in the ADP.Pi state, as are the myosin filaments under the conditions of our experiments. We found that this model gave an excellent and unambiguous 3D fit into the globular features in crowns 1 and 2 ( Fig.  2 and SI Movie 2). The myosin heads appear to interact asymmetrically, with their motor domains pointing toward the filament bare zone. This conclusion is supported by the observation of similar asymmetric head-head interactions in isolated, negatively stained mouse cardiac myosin molecules under relaxing conditions (H. Jung and R.C., unpublished data), and by the observation of a folded conformation (suggestive of head-head interaction) in rotary shadowed cardiac myosin molecules (26) . Attempts to dock the two-headed model (as well as individual ADP.Pi-like S1 molecules) in other orientations were unsuccessful. Thus cardiac myosin, which is thought to have no intrinsic (24) to head motif in crowns 1 and 2 of reconstruction. The 3D envelope has been made translucent to aid visualization of enclosed atomic model. Small regions of atomic model outside the envelope appear bright, whereas the majority, enclosed within it, appears dull (see also SI Movie 2). The heads are labeled ''blocked'' and ''free'' according to terminology proposed to describe the actin-binding capability of each head for regulated myosin (24, 25) . ''Blocked'' head: motor domain, green; essential light chain, orange; regulatory light chain, yellow. ''Free'' head: motor domain, cyan; essential light chain, pink; regulatory light chain, beige. Bare zone direction toward top.
regulation and therefore to lack an off-state (27) , adopts a similar conformation to the off-state of regulated myosin (see discussion in ref. 24) .
Myosin heads in crown 3 show a different conformation, which cannot be determined unambiguously from the reconstruction. Attempts to fit the two-headed off-state model, or atomic models of individual myosin heads (e.g., ref. 28), were unsuccessful because the reconstructed volume is greater than that required for one head, but too small for two. The smaller apparent volume of crown 3 heads suggests that they may have greater mobility than those in crowns 1 and 2.
The Reconstruction Reveals the Organization of Titin and MyBP-C on the Filament Surface. The reconstruction also has features that cannot be attributed to myosin heads. These are therefore likely to be myosin-binding proteins, whose molecular organization on the filament has not been previously visualized. In the space between azimuthally adjacent pairs of heads are small transverse bands that are especially evident in crowns 1 and 2 (blue coloring in Fig. 3B ; SI Movies 1 and 3). Eleven such densities (arrows in Fig. 3A) , Ϸ4 nm apart axially, are seen in each 42.9-nm repeat. These appear to form a longitudinal strand running approximately parallel to the filament axis, at a radius of 7-8 nm (blue arrows, Fig. 3 C-E) , on the surface of the backbone. A similar periodicity has also been observed in a 2D analysis of cardiac myosin filaments (22) . The arrangement of these 4 nm ''beads'' is consistent with the linear organization of the globular, 4 nm diameter, Fn and Ig domains in titin (14) , whose organization has previously been inferred only from sequence data. Six molecules of titin are expected for each half of the thick filament, possibly arranged in pairs (29) . However, our data do not allow us to distinguish any particular arrangement of the two putative titin molecules within a pair. The near azimuthal alignment of crowns 1 and 2 allows titin to follow a linear course in this region (Fig.  3B) . The marked curvature around crown 3 might contribute to the different properties of the myosin heads in this crown.
Crown 1 shows an additional density at a higher (10 nm) radius than the putative titin density (orange arrow in Fig. 3D ). This density corresponds to three additional features, 4 nm apart, observed in the longitudinal surface view of the filament (orange coloring in Fig. 3B ), to the left of the putative titin strand. The axial position of this additional density coincides with the location of strong density seen in striated muscle A-bands, which is known to represent MyBP-C (SI Methods and SI Fig. 10 ). The three 4-nm-diameter domains are consistent with the linear organization of Fn and Ig domains in MyBP-C. They may represent domains of MyBP-C known to interact with titin and/or the myosin tail (15) .
Three-Dimensional Reconstruction of MyBP-C Knockout Filament. We have also carried out a 3D reconstruction of cardiac thick filaments from a MyBP-C knockout mouse model for HCM (21) (SI Methods). Although the overall appearance of wild-type and knockout filaments appears to be similar (SI Fig. 11; ref. 30 ), the diameter of the knockout reconstruction and the mass of the heads appear slightly smaller, and the resolution is lower (Ϸ7 nm, compared with 4 nm for the wild-type), suggesting that the array of heads is less stable in filaments lacking MyBP-C. In addition, there is a clear structural change in crown 1 of the knockout filaments (Fig. 4 and SI Movie 4), such that the heads can no longer be fitted with the off-state atomic model of myosin. In contrast, crowns 2 and 3 appear relatively unaffected by the absence of MyBP-C. The restriction of the main structural change to crown 1 adds support to our conclusion that MyBP-C is in this crown. It also suggests that MyBP-C may be important for the establishment of the asymmetric interaction of the myosin heads in this crown.
Discussion Intramolecular Interaction Between Myosin Heads in the Cardiac Thick
Filament. The conformation of the myosin heads and putative organization of titin and MyBP-C that we have observed provide important new insights into the structure and function of vertebrate cardiac muscle thick filaments. Previous structural analysis of cardiac filaments was limited to two dimensions (8, 22, 23) , whereas 3D reconstructions, carried out on vertebrate skeletal thick filaments [from frog (12) and fish (10) muscle] had considerably lower resolution (Ϸ7 nm). The 3-to 4-nm resolution of the current work makes possible a rather precise fitting of myosin head atomic models. A surprising finding is the excellent fit of the interacting-head conformation of regulated myosin heads in the off-state (24, 25) to two of the three crowns of the 42.9-nm repeat of the filament. Head-head interaction was previously thought to be the mechanism by which ATPase and actin-binding activity were switched off in intrinsically regulated myosins (e.g., vertebrate smooth, invertebrate striated muscle myosin) (24, 25) . One head (''blocked;'' Fig. 2 ) would be prevented from binding to actin and the other head (''free'') would be unable to hydrolyze ATP (24, 25) . Myosin from vertebrate-striated muscles is thought to lack an intrinsic regulatory switch and is therefore thought to be unable to switch off biochemically (these muscles are regulated primarily through the troponin-tropomyosin system on the thin filaments) (27) . The observation of the interacting-head motif in cardiac filaments would therefore suggest that head-head interaction per se does not switch activity off. It may instead be a resting position or ''relaxed state'' conformation common to both regulated and unregulated myosin filaments. In unregulated myosins, the headhead interaction may be weak and thus may not inhibit myosin function (although it might restrict head access to actin filaments in the relaxed state; ref. 31) . Additional interactions present in regulated myosins (e.g., involving the regulatory light chains, or interactions with heads in other crowns or with S2; ref. 24 ) may explain the ability of regulated myosins to switch off, for example by stabilizing the interacting-head structure. Alternatively, vertebrate thick filaments might possess a regulatory mechanism that has not yet been detected biochemically.
Whereas the heads in crowns 1 and 2 have a ''relaxed conformation,'' those in crown 3 appear to be more mobile. In the sarcomere, where actin filaments are close to the thick filaments, greater freedom of crown 3 heads may increase their probability of interaction with actin. Two populations of heads may allow fine-tuning of thick filament activity. Activity is also modulated by phosphorylation of the regulatory light chains, which increases head mobility and enhances contraction in both vertebrate skeletal and cardiac muscle (32, 33) , and by MyBP-C phosphorylation (34) . In the case of regulated myosin, light chain phosphorylation does not merely modulate activity, but fully activates switched off molecules. In both systems, phosphorylation probably functions by breaking the head-head (and other) interactions that maintain the relaxed conformation (25) .
Titin Is Linearly Organized on the Thick Filament Surface. The improved resolution of our reconstruction has enabled the visualization of nonmyosin thick filament proteins whose organization was previously unknown. The linear arrangement of eleven, 4-nm-diameter globular features in each 42.9-nm repeat directly suggests that we are visualizing titin (14, 35) . The 11 domains are likely to correspond to the 43-nm-long superrepeat of seven Fn and four Ig domains of this size in titin in the MyBP-C region of the filament, previously identified on the basis of sequence data and thought to dictate the location of myosin and MyBP-C (14) . The titin strands lie on the surface of the filament backbone (consistent with titin epitope availability in antibody labeling studies; ref. 36) , oriented approximately parallel to the filament axis, where they can form longitudinal interactions with myosin tails and MyBP-C. Our observations appear to rule out models in which titin follows the helical path of the myosin heads or is buried in the filament core. They suggest instead that titin forms a simple linear scaffold for filament formation, and that myosin molecules assemble on the interior of this scaffold during sarcomere development and turnover. Interestingly, there appears to be no simple matching of the axial positions of myosin heads (spaced 15.2, 13.4, and 14.3 nm apart) with titin domains (Ϸ3.9 nm apart), as might have been expected from the template function of titin. Thus, during thick filament assembly, a different set of titin-myosin interfaces must be used at each of the three crowns.
Organization of MyBP-C on the Filament Surface. The molecular organization of MyBP-C in the thick filament has remained a mystery since its discovery 35 years ago (13, 15) , despite its emerging importance as a modulator of cardiac contraction and as a prime target of mutations causing HCM. Our results suggest that at least three of its 11 Fn and Ig domains run along the filament surface parallel to the axis (18), interacting with titin and probably with myosin tails in crown 1. These interactions, presumably involving the C-terminal region of MyBP-C (known to interact with myosin tails and titin; ref. 15) , may anchor MyBP-C to the thick filament. We see no evidence that its other domains form a collar around the backbone, as has been suggested (15) , although such an arrangement should be visible if present. They may instead extend from the filament surface (18) at crown 1 where they could bind to subfragment 2 and/or actin, modulating myosin-actin interaction and force generation (15) . We observe MyBP-C stripes only in sarcomeres with a very well ordered lattice (SI Fig. 10 ), suggesting that any such extended regions might be disordered in isolated filaments, explaining their absence from our reconstruction.
Implications from MyBP-C Knockout Filament. MyBP-C is important for normal functioning of the heart (15) and appears to play a ''cardioprotective'' role in ischemic injury (37) . Mouse models are being used to understand the functioning of MyBP-C (38). Knockout mice demonstrate that MyBP-C is not essential for survival, although its absence causes cardiac hypertrophy (21) . The similar overall structure of MyBP-C knockout and wild type filaments (SI Fig. 11 A and B, compare Fig. 1 A and B) may explain the viability of these mice and the relatively good prognosis for most HCM patients carrying MyBP-C mutations (38) . The lower resolution of the MyBP-C knockout reconstruction suggests that MyBP-C helps to stabilize the relaxed array of myosin heads in normal filaments (see also ref. 30 ). The decreased ability of crown 1 heads to adopt the interacting-head conformation in the absence of MyBP-C suggests that the knockout filaments may not relax as fully as wild type. Failure of the filaments to relax properly in the absence of MyBP-C may offer a molecular explanation of the compromised relaxation of the heart in MyBP-C knockout mice (21, 39) and may also be related to the abnormal diastolic function in humans with HCM (2).
Our reconstructions show that cardiac thick filaments are complex structures, where not all myosin heads behave in a similar manner, partly as a result of the arrangement of accessory proteins. This diversity suggests that cardiac thick filament function may be finely modulated. The techniques we have developed here open the way to further structural studies on HCM mouse models carrying different mutations in MyBP-C or other thick filament proteins. Such studies should reveal whether alteration in the relaxed conformation of the thick filaments is a common molecular mechanism underlying HCM.
Materials and Methods
Isolation of Filaments. Thick filaments were isolated from ventricular muscle of mice (8 -10 weeks old, strain 129 SVE, Taconic Farms, NY). Mice were injected i.p. with heparin (1,000 units/kg) and 15 min later anesthetized with sodium pentobarbital (60 units/kg). Once anesthetized, mice were killed by cervical dislocation. These procedures were approved by the University of Massachusetts Medical School Institutional Animal Care and Use Committee.
Immediately after euthanasia, the heart was harvested and placed in calcium-free Tyrode (140 mM NaCl, 5.4 mM KCl, 1.5 mM MgCl 2, 10 mM Hepes, 0.33 mM Na 2HPO4, 10 mM glucose, pH 7.4) plus 20 mM 2,3-butanedione monoxime (BDM, to enhance actin-myosin dissociation). The aorta was catheterized for retrograde perfusion of the coronary arteries with the following solutions: first, calcium-free Tyrode plus 20 mM BDM for 5 min; second, relaxing solution (100 mM NaCl, 2 mM EGTA, 5 mM MgCl 2, 1 mM DTT, 10 mM imidazole, 5 mM MgATP, pH 7.2) plus 0.1% Saponin and 0.5% Triton X-100 for 8 min; third, relaxing solution for 5 min. After this final wash, the ventricles were cut and homogenized in relaxing solution for 10 sec at position 5 using a Polytron homogenizer (Brinkmann Instruments, Westbury, NY). The whole procedure was carried out at room temperature.
During homogenization in relaxing solution, only a small number of filaments dissociated from the myofibrils. The yield was increased by modification of a method used for insect flight muscle (40) . The homogenate was spun at 10,000 g for 2 min to obtain a pellet of myofibrils, which were resuspended and incubated with 70 g calpain-1 (Calbiochem) in 48 l 20 mM imidazoleHCl, 5 mM 2-mercaptoethanol, 1 mM EDTA, 1 mM EGTA, 30% glycerol, pH 6.8 plus 10 M free Ca 2ϩ for 1 h at room temperature. Enzymatic treatment was stopped by addition of relaxing solution, containing 100 M blebbistatin (Toronto Research Chemicals), and the suspension was agitated to help release thick and thin filaments (blebbistatin was used to aid release of thick filaments and to stabilize the relaxed conformation of the heads (F. Zhao and R.C., unpublished data). Thin filaments were removed by fragmentation with gelsolin (41) . The thick filament suspension was kept on ice and used within 24 h. For the rationale for these procedures, see SI Methods.
Electron Microscopy. The ordering of myosin heads is rapidly lost in mammalian thick filaments at low temperature (42) . Therefore, we observed filaments by negative staining at near-physiological temperature. This avoided difficulties in preserving order that we encountered using cryo-EM. Negative staining provides a very good representation of protein distribution in most macromolecular structures (43) , including thick filaments (1) . A drop of filament suspension was placed on an electron microscope grid coated with a thin layer of carbon supported by a thicker holey carbon film. The grid was rinsed sequentially with 6 drops of relaxing rinse (140 mM NaAc, 1 mM MgAc 2, 1 mM EGTA, 5 mM imidazole, 1 mM sodium azide, 1 mM MgATP, pH 7.0) and five drops of 2% uranyl acetate. Staining was carried out at room temperature with solutions prewarmed to 37°C. Grids were observed in a Philips CM120 electron microscope (FEI, Hillsboro, OR) at 80 KV under low dose conditions. Images of filaments on thin carbon over holes were acquired at 42,000ϫ magnification, using a 2Kx2K CCD camera (F224HD, TVIPS GmbH, Gauting, Germany) at a resolution of 0.57 nm/pixel. Image Analysis. Long, straight thick filaments, with a clearly visible bare zone, were chosen for analysis. Filaments were oriented vertically, with the bare zone at the top, and the region between the 3rd and 10th 42.9-nm repeats from the bare zone (where MyBP-C is present) was computationally cut (Adobe Photoshop 7.0). The presence of order in these regions was verified by computing the fast Fourier transform (Image J, v1.34s, NIH, Bethesda, MD). For single-particle analysis, we used only those regions where the Fourier transforms showed the layer lines expected for a well ordered vertebrate thick filament.
Selected filament regions were converted to SPIDER format (EM2EM; Image Science and Imperial College, London), and cut into segments 3 ϫ 42.9 nm long in SPIDER (v11.2, Wadsworth Center, Albany, NY). Single-particle analysis was carried out by using SPIDER (see below). UCSF Chimera (beta version 1, build 2199) was used for visualization, analysis, and atomic fitting of 3D volumes (44) (see SI Methods).
Three-Dimensional Reconstruction. Single particle analysis rather than FourierBessel based helical methods were used for 3D reconstruction so that the known perturbations in the helical order of vertebrate myosin filaments would be preserved and not averaged out (11) (see SI Methods for details). Electron micrograph images of filaments are 2D projections perpendicular to the filament axis. Because filaments are expected to lie on the EM grid with different rotations about their long axes, micrographs of different filaments should represent different rotational views. If the relative rotational angle of each view is known, the 3D structure of the filaments can be determined by back projection using those angles. Relative rotations of different filament segments were determined by matching filament images against 2D projections of 3D models rotated around their long axis at known angles (see SI Methods). Each segment view was assigned the angle of the model projection that it most closely matched, and the views were back-projected to generate a 3D reconstruction. This reconstruction was used as the model for a new cycle, and the process was iterated until there were no further changes in the reconstruction (10, 24) .
Possible model bias in the reconstruction was ruled out by our finding that the final reconstruction was the same with three different, independent starting models (see SI Methods; and SI Fig. 6 ). For true helical structures, helical refinement can improve the signal:noise ratio and resolution of the reconstruction (24, 45) . We avoided helical refinement to preserve the helical perturbations present in vertebrate filaments (9, 10, 12, 23) . However, C3 symmetry was imposed to take advantage of their threefold rotational symmetry (5).
